Purpose: With growing evidence that rare single gene disorders present in the neonatal period, there is a need for rapid, systematic, and comprehensive genomic diagnoses in ICUs to assist acute and long-term clinical decisions. This study aimed to identify genetic conditions in neonatal (NICU) and paediatric (PICU) intensive care populations.
Introduction
Given the life-threatening circumstances of children entering intensive care, effective management relies on comprehensive monitoring, data acquisition and rapid clinical responses. In 2016 in the UK, there were 636,401 deliveries in National Health Service (NHS) hospitals and 95,000 babies (15%) were admitted to neonatal intensive care post-delivery, remaining there for 4-93 days depending on gestational age [1, 2] . With growing evidence that rare diseases (defined as < 1 in 2000 individuals) are collectively relatively common (6% of the population) and that rare genetic variants underlie many congenital presentations, whole exome and genome sequencing is increasingly being used in this clinical setting [3] [4] [5] [6] [7] [8] [9] .
Studies have shown that early molecular diagnoses improve outcomes and reduce healthcare costs [10] [11] [12] . Provisioning of a rapid but affordable genomic testing strategy within a national healthcare service in order to deliver equity of access is nevertheless challenging [13] . As with all intensive care procedures, balancing the extreme stress of families with the complexities of an informed consent requires skill and sensitivity while incomplete understanding of new technology creates uncertainty for care providers [14] . Lack of consensus on reporting uncertainty and additional findings [15, 16] requires careful consideration of genome-wide sequence analysis in the intensive care setting.
The objectives of this study were (1) to establish a whole genome sequencing (WGS) analysis pipeline in the intensive care context and deliver clinically relevant results in a timely manner, (2) determine the prevalence of underlying genetic conditions in NICU and PICU populations and whether diagnosis influences clinical management, (3) to investigate the correlation of clinical features and genotype in very young children and (4) to create a recallable resource of children with rare disease for long-term follow-up and research.
Methods

Recruitment and consent
Participants for this study were recruited through NHS Cambridge University Hospitals Foundation Trust under Cambridge South Research Ethics Committee approval 13/EE/0325. The neonatal and paediatric intensive care units have 40 and 13 beds respectively and have on average 896 and 639 admissions per year. The recruitment criteria were broad and inclusive for any cases with a possible single gene disorder (Supp. Table 1 ). In NICU, exclusion criteria were children admitted for short stay post-delivery surveillance, prematurity without additional features, babies with a clear antenatal or delivery history suggestive of a non-genetic cause and those babies where a genetic diagnosis was already made. Babies with congenital anomalies, neurological symptom including seizures, suspected metabolic disease, surgical necrotizing enterocolitis, extreme intrauterine growth retardation and unexplained critical illness of likely genetic etiology were all eligible for the study. In PICU, inclusion criteria were the same as for NICU but cases of clear trauma, malignancy and bronchiolitis or respiratory tract infections in an otherwise well child were ineligible.
For all consented children, the detailed clinical history and clinical features were extracted from the electronic medical records. These were converted into standardized terms for comparison using a human phenotype ontology term (HPO [17] ) and a pedigree was completed with the parents at the time of consenting.
Whole genome sequence analysis
A minimum of 500 µL of fresh blood in EDTA was requested to yield a minimum of 1 µg of DNA for WGS. Extracted DNA samples were shipped to an external WGS sequencing facility (Illumina, UK). WGS (30-40× coverage for the nuclear genome and 800-1000× for the mitochondrial genome), quality control, read alignment to the human reference genome build 37, and variant calling were performed by Illumina as described [18] . Genome data has been deposited at the European Genome-phenome Archive (EGA) under accession number EGAD00001004357. Variant annotation and filtering were performed in house (see Supplementary Methods) [19] [20] [21] [22] . No gene list was used if both parents were available but a filter for 3809 genes with potential early-onset presentation was used for singletons.
Multidisciplinary team assessment, clinical reporting and counselling
Consistent with NHS clinical genetics pathways, candidate variants were reviewed at a multidisciplinary team meeting (MDT), which included research bioinformatics analysts, clinical scientists, clinical geneticists, neonatal and paediatric intensivists, and neurologists as required. Additional genetic findings not related to the presenting complaint [16] were not assessed or reported as per the
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Phenotypic comparison analysis
Pairwise similarity scores between clinical features using HPO term profiles (either proband-proband or proband-gene) were calculated using the R analysis package ontologyX and HPO release 2018-10-09 [17, 23] . The proband-proband scores were used to hierarchically cluster and categorise probands into phenotypic groups. Enrichment analysis of HPO terms was performed with Fisher's exact test, FDR < 0.1. See Supplementary Methods for details.
Results
Recruitment of cohort
A total of 414 families were approached and offered WGS analysis between the period of December 2016 and September 2018 ( Fig. 1 ), 380 were families with a child in the NICU or PICU and the rest were referred from other departments. In NICU, 113 families consented to join the study (47% of eligible cases, ~ 10% of all babies in the unit over the recruitment period). In PICU, 66 families consented to join the study (48% of eligible cases, ~ 8% of all children in the unit). Of the recruited families, 13 were not sequenced or were pending (see Fig. 1 ).
Recruitment criteria were broad and inclusive for any case with a possible undiagnosed single gene disorder (Supp. Table 1 ). In total, 208 families were recruited (50% of total eligible cases) and 69 families actively declined to take part (17%). The remainder were either lost to followup or remained undecided about participation by the time of discharge or repatriation to a more local hospital.
Of the 195 probands and their families that were analysed (567 genomes total), both parents were included in 90% of cases (Table 1 ). Most were recruited from the NICU (54%) and PICU (31%) ( Table 1 , Supp. Table 2 ). Twenty-eight probands (15%) were referred from paediatric neurology or clinical genetics. In the NICU, the ages of the probands at consent ranged from 1 day postnatal to 6 months old and the median age was 12 days postnatal (equivalent to a median corrected gestational age of + 4 days because 50% of the neonates were premature) (Supp. Fig. 1 ). For the others, the age at consent ranged from 8 days to 16 years (median 24 months, plus an outlier of 23 years). Only 50% of the probands had routine comparative genomic hybridization (aCGH) microarray testing, which is the first-line test for children with multiple congenital abnormalities. Overall, recruitment rates were much higher than expected given that blood samples were requested from both parents.
Rapid diagnoses
Forty cases received a diagnosis via WGS analysis (21% diagnostic rate), which either fully (95%) or partially (5%) explained the phenotype. The time from recruitment to preliminary findings reduced over the course of the project and reached steady state at about 3 weeks (Supp. Fig. 2 ). From January 2018 onwards, the median time from recruitment to accredited report was less than 5 weeks with the fastest turnaround being 21 days. Much of the variability stemmed from difficulty in collecting parental samples in a timely manner (Supp. Fig. 3a ). Sequencing and analysis took a median of 16 days (Supp. Fig. 3b-d ) while MDT meetings, confirmation, and clinical reporting took 11 days (Supp. Fig. 3e-f ). Iterative redesign of processes allowed continuous improvement of the pipeline as shown by the reduced median turnaround time to diagnosis over the recruitment period. Two diagnoses were made after subsequent re-analysis as these disease-causing genes were newly reported in the literature.
The diagnostic rate in the NICU was 13% and in the PICU it was 25%. The referrals from the paediatric neurology and/or clinical genetics departments had a 39% diagnostic rate (Supp. Table 3 ). Two-thirds of the diagnoses were de novo variants; familial X-linked, compound heterozygous and homozygous variants were also observed ( Table 1) . Parental sequence data were crucial for calling pathogenic bi-allelic compound heterozygous variants in trans. Thus, accelerated WGS testing is feasible in an NHS-compliant genetics pipeline with an overall diagnostic yield of 21%.
Impact on clinical care
The 40 diagnoses reported included pathogenic or likely pathogenic variants in a broad range of rare disorders including encephalopathies, myopathies, skeletal dysplasia, and various syndromes (Supp. Tables 4 and 5). The age at recruitment for the diagnosed probands ranged from 1 day to 15 years. The most common clinical impact of the diagnoses was to improve ongoing management by informing established specialist care pathways for older children (35%) or initiating new specialist care pathways (48%), especially for neonates and infants (Fig. 2) .
In a few cases (13%), the diagnosis affected acute clinical management decisions and modified treatment: change in epilepsy medication due to an SCN1A mutation, Dravet syndrome; prophylactic antibiotic use for a primary ciliary dyskinesia (DNAH11); and consideration of a ketogenic diet for children with pyruvate dehydrogenase deficiency (PDHA1), Dravet syndrome (SCN1A), and severe West syndrome with a CDKL5 mutation. To date, for at least seven cases, distinguishing between inherited and de novo variants informed subsequent reproductive decisions. For 14 cases, the pathogenic variant(s) were inherited, conferring a significant recurrence risk for subsequent pregnancies. For example, in the case of family 114, the proband died from a novel mitochondrial disorder [24] due to inherited compound heterozygous variants in a mitochondrial complex I deficiency gene, NDUFA6 and prenatal testing was offered in a subsequent pregnancy (Fig. 2) .
In four cases of perinatal death, WGS provided a valuable etiological explanation. For family 101, the diagnosis of congenital titinopathy [25] was made in the second affected neonate. In four neonatal/infant cases, the molecular diagnosis informed discussion with the family about palliative care. Three older children were diagnosed with neurodegenerative conditions due to mutations in GFAP (Alexander disease), ALS2 (juvenile amyotrophic lateral sclerosis) and UBTF, a recently described syndrome of neurodegeneration and brain atrophy (families 127, 139 and 147). For these families, supportive care and the resolution of diagnostic uncertainty was achieved but also brought painful realization of severe and currently incurable conditions being diagnosed. These findings indicate a variety of ways that WGS impacts clinical management of intensively ill children and their families.
Phenotype as predictor of genotype in young children
All probands were extensively phenotyped using Human Phenotype Ontology (HPO) terms extracted from the electronic health record. Analysis excluded maternal phenotypes and those relating to birth. The median number of non-redundant HPO terms per proband was 11, with 90% having at least five terms (Supp. Fig. 4 ). For most probands, the phenotypes fell into more than one major subclass of the root HPO term 'Phenotypic abnormality' and 80% have phenotypes from at least five subclasses. The most common phenotypes were abnormalities of the nervous (70% of probands), respiratory (68%), digestive (67%), and cardiovascular (61%) systems (Supp. Fig. 5 ).
In order to investigate the phenotypic composition of our cohort and to test the predictive value of specific phenotypes, we clustered the probands by phenotypic profile similarity and determined which phenotypes were enriched in each subgroup (see Supplementary Methods for details).
Clustering of the 106 patients recruited from the NICU (Supp. Fig. 6 ) revealed a few small groups with substantially increased diagnostic rates (> 30% compared to 13% for the NICU cohort overall). The cases with dysmorphic phenotypes such as hypertelorism, cleft palate, and micrognathia and those with abnormal renal function had the highest diagnostic yield (groups 1-4, Table 2 , Supp. Table 6 ). Cases with congenital heart disease, decreased body weight or sepsis were the next most likely cases to have a diagnosis (groups 5-10). The groups with no diagnoses to date (groups 11-15) were enriched for In the 61 PICU cases, the phenotypic groups with the highest diagnostic rate were children with lactic acidosis and those with cerebral palsy and/or epilepsy (group1-3) ( Table 2 , Supp. Table 7 , Supp. Fig. 7 ). Children with a distinct skeletal dysplasia and dysmorphology or long-term ventilator dependency were the next highest yield (group 4 and 5). Children with infection, sepsis and immune or respiratory dysfunction were the least likely to receive a molecular genetic diagnosis (groups 6-11).
Given that dysmorphism was a predictor of a molecular diagnosis in both NICU and PICU, we calculated the diagnostic yield in children who did not have documented dysmorphology. In NICU the yield was 9% compared to 13% overall and in PICU 18% compared to 25%.
We then compared the phenotypes of the diagnosed probands with the known phenotypes reported to be associated with the identified disease-causing genes. To do this, we calculated the HPO term profile similarity score between each proband and every published gene in OMIM (Online Mendelian Inheritance in Man, www. omim.org) that has been annotated with HPO terms. Only in 10% of cases did the phenotype of the child predict accurately the most likely gene to cause disease. For the remaining 90% of cases the gene that caused disease could not be easily predicted (Fig. 3) . In one case, the diagnosed gene (NDUFA6) was so recently published that it was not yet included in the OMIM-to-HPO build [24] . Importantly, more extensive phenotyping in the proband did not correlate with improved similarity ranking of the gene (Supp. Fig. 8a ) and there was no difference in the number of HPO terms per proband between the diagnosed and non-diagnosed sets (Supp. Fig. 9 ). However, the number of HPO terms associated with a specific gene can improve specificity. Genes with a large number of phenotypes previously reported to be associated with the gene tend to rank higher, although for some genes an unusual combination of only a few HPO terms was sufficient to rank highly (Supp. Fig. 8b ). 
Discussion
Whole genome sequence analysis is increasingly being used to diagnose rare diseases in order to stratify patients for anti-seizure control, cancer treatments and clinical trials including gene therapy [26, 27] . Because the genome encodes information relevant to both acute and distant health risks, maximum benefit could be achieved by applying this technique early in life. Whilst the use of WGS in newborn screening is still under discussion, there is broad consensus that WGS has the potential to improve acute treatment of seriously ill babies [28] .
WGS shows that underlying genetic conditions are prevalent in approximately 20% of intensively ill neonates and children selected for testing
We have created a timely-turnaround WGS trio analysis process for diagnosing severely ill children within the NHS infrastructure for clinical practice implementation. The study sought to identify a genetic cause of disease in children admitted to PICU and NICU and the recruitment criteria required there to be phenotypic features predicting a rare genetic cause of disease and did not include all admissions. The selection of this cohort is therefore likely to be enriched for a diagnosis and would be lower if all admissions were tested. The opportunity for WGS analysis was well received in the NICU and PICU by staff and parents. Parental motivations for consenting to the study included finding a cause for their child's illness, the ability to potentially rule out a genetic condition, and an altruistic component to support improvement in healthcare for families in similar circumstances. Nevertheless, half of families who were eligible declined or did not respond to the offer of recruitment. Reasons given by families when declining participation can be broadly categorised as not being ready for a genetic diagnosis in the neonatal period, being too overwhelmed during the child's critical illness, believing their child's symptoms were not due to a genetic cause, or concerns over a genetic 'label' . We noted that timing and appropriateness of the approach were crucial to full and informed consent and required a dedicated and trained person. Future studies are needed to focus on further understanding family perceptions surrounding these issues and ascertainment bias of the consented cohort.
Diagnosis has clinical utility
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Gene rank with a known and poor prognosis. For some cases, early diagnosis allowed for interventions such as gene/disorder-specific medications (e.g. for epilepsy) and for surveillance and monitoring that can reduce harm in the long term (Fig. 2) . A molecular diagnosis can obviate the need for muscle biopsy for mitochondrial and muscle diseases or further MRI scanning. For parents, a diagnosis and the removing of uncertainty for the family were valued; however, where the diagnosis was associated with a poor prognosis, it brought grief and loss. For 14 families the diagnosis gave reproductive choice not previously available (Fig. 2 ) and a number of couples had subsequent unaffected pregnancies.
Evidence that WGS should be offered to NICU/PICU patients
Whilst there were some phenotypic groups with increased likelihood of a genetic diagnosis (e.g. dysmorphology, neurological features), restricting recruitment to these specific phenotypes would have missed many important diagnoses. We found that the genotype is sufficient to drive the diagnosis with phenotypes assisting with variant interpretation rather than gene selection, especially since de novo pathogenic mutations were common (68%) in this cohort. In-depth phenotyping is critical when interrogating multiple different potentially pathogenic variants (common for singleton cases). However, we observed that even extensive phenotyping did not always strongly imply a particular gene or genes, indicating that predicting the disease gene based on phenotype will often be inaccurate. In neonates and infants, it is difficult to distinguish between transient and constitutive symptoms. Thus, the ability to perform a comprehensive gene agnostic trio analysis with WGS on 90% of our samples was advantageous over any single gene or panel tests as it did not require a phenotype-based hypothesis. Additionally, a negative result was more informative as almost all known disease-causing genes were assessed, significantly decreasing the likelihood of a genetic cause. In a cohort of intensively ill neonates and young children, our findings support the use of gene agnostic trio WGS for cases where a single gene disorder is suspected.
Advantages of a WGS pipeline and caveats
Trio WGS analysis has many advantages over singleton whole exome sequencing (WES) including improved copy number calling, mitochondrial and inter-genetic mutations, and increased analysis speed and robustness, but it does carry a higher up-front cost. We note that 30× WGS (and WES) short read analysis lacks the capacity to identify all known diagnostic regions of the genome routinely needed in neonatal care such as repetitive sequences, homologous genes, and epigenetic modifications. These include homozygous exon 7 and 8 deletions in SMN1 causing spinal muscular atrophy type 1 (one case in this cohort) and methylation defects (two cases in this cohort: Kagami-Ogata and Beckwith-Wiedemann syndrome). In addition, very low levels of mosaicism in the child will not be reliably detected.
Variants of uncertain significance (VUS) and additional findings were not reported to families as per first tier consent, which included only the resolution of diagnostic uncertainty. This cautious approach to data feedback was adopted because the use of systematic WGS in the neonatal setting in the UK is novel [28] . However, there is still uncertainty regarding the interpretation of some variants due to the paucity of reports of congenital presentations of these disorders. This can render the WGS data analysis complex because of the blurred boundaries between diagnostic and predictive findings. Although by default we did not include autosomal dominant inherited variants in order to avoid identifying additional findings, some diseases with variable penetrance or expressivity have incidence in the childhood period. To mitigate this, variants in specific genes were examined on request when suspected by clinicians, though no such findings have been made to date.
An enduring research database resource
All families were additionally consented to the NIHR BioResource, permitting ongoing research with the data. Establishing this as a research platform enabled iterative re-evaluation of phenotypes and genotypes over time and the continuing influence on care of patients and families. WGS allows for discovery of novel disease-causing elements, including genes and regulatory elements [18, 29] . Re-analysis of WGS with improved variant calling and new gene discovery can substantially increase the diagnostic yield [30] . Indeed, in this cohort, three of the diagnoses were for genes first published since August 2017, including one case that contributed to the reporting of a novel mitochondrial disorder [24] . Improvements to genomic analysis pipelines are ongoing, such as assessing the analytical validity of an algorithm developed to detect abnormalities associated with expansion disorders relevant to the neonatal period (ExpansionHunter) [31] .
Conclusion
In summary, this study shows that rapid whole genome sequencing for diagnostic purposes is feasible at scale within the existing infrastructure of the NHS. WGS analysis of trios in NICU and PICU identified the underlying cause of disease in 13-25% of individuals who were selected for testing. A genotype-driven approach ensured that all genes were considered equally as the phenotype of the child in PICU and NICU was a poor predictor of the specific gene identified. Finally, our findings suggest that WGS in neonatal and paediatric intensive care provides a unique opportunity to build a research resource of children with early detection of genetic diseases, which are eligible for clinical trials of rare diseases at a potentially more therapeutically responsive stage in the disease. Adoption of these procedures could alter acute management and life course outcomes for children with chronic diseases using stratified therapeutics.
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